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Abstract
The Majoron, the Nambu-Goldstone boson of lepton number symmetry, is an
interesting candidate for dark matter as it deeply connects the dark matter and
neutrino physics. In this paper, we consider the Majoron dark matter as pseudo
Nambu-Goldstone boson with TeV-scale mass. The heavy Majoron generally has
the large decay constant and tiny Yukawa couplings to light right-handed neutrinos
which are required by cosmological and astrophysical observations. That makes
it difficult to realize the desired amount of the relic abundance of Majoron dark
matter. We consider three improved scenarios for the generation of Majoron, dubbed
as Majorogenesis, in the early universe and find in all cases the parameter space
compatible with the relic abundance and cosmic-ray constraints.
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1 Introduction
The existence of dark matter(DM) is clear from various observations over the past
decades, such as galaxy rotation curves [1, 2], gravitational lensing [3], cosmic microwave
background [4] and collision of Bullet Cluster [5]. While there are various constraints on
the DM mass and the scattering cross section from astrophysical observations and direct
detection experiments [6–10], the nature of DM is still unknown. The identification of
DM is important not only for cosmology but also for particle physics, because there are
no particle contents playing the role of DM in the Standard Model(SM). DM would be
the key to investigate new physics beyond the SM.
Another important issue that is unanswered by the SM is the neutrino masses [11],
which is implied by the observations of neutrino oscillation. One way to realize the
tiny neutrino mass scale is the see-saw mechanism [12–14]. In the type-I see-saw, right-
handed(RH) neutrinos and their Majorana masses are introduced to obtain the realistic
neutrino masses. However, the origin of the Majorana masses is not explained within
the model. In the so-called Majoron model [15–17], a new SM-singlet complex scalar is
introduced to explain it. The scalar develops a vacuum expectation value(VEV) breaking
a global U(1) symmetry, which provides the Majorana masses as the SM Higgs mechanism.
Corresponding to the symmetry breaking, there arises a pseudo scalar particle called the
Majoron, which is the Nambu-Goldstone boson(NGB) associated with the U(1) symmetry.
In Refs. [18–23], it is discussed that the Majoron can be a DM candidate by introducing
explicit breaking terms for the U(1) symmetry. In particular, the Majoron becomes a
pseudo NGB(pNGB) when the soft breaking mass term is introduced as in Ref. [18]. A
remarkable feature of pNGB DM is the derivative coupling with other (scalar) particles
which enables us to avoid the constraints from the direct detection experiments [24–27].
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For further studies on the Majoron DM and the pNGB DM, see, e.g., Refs. [28–36]. The
origin of the U(1) breaking term in the scalar potential is discussed in various contexts
such as the effect of quantum gravity [37], neutrino Dirac Yukawa coupling [38], coupling
with another scalar [39,40] and so on.
On the other hand, some cosmic-ray observations are known to suggest the existence
of leptophilic TeV-scale DM. That motivates us to consider a TeV-scale Majoron DM,
whose mass scale is heavier than those in previous works. The heavy Majoron can decay
to neutrinos, which requires the SM singlet scalar VEV is around the unification scale.
It can also decay to heavy quarks such as the top quark, and that imposes strong upper
bound on the Yukawa couplings between the Majoron and the RH neutrinos. The Majoron
interactions are too small to realize the DM relic abundance via the thermal freeze-out
mechanism [36]. Hence the creation of Majoron DM (dubbed as Majorogenesis) at TeV
scale should be realized in a way other than the freeze-out mechanism, such as the freeze-in
production [41].
In this paper, we investigate the Majorogenesis for TeV-scale Majoron. We then
consider the following three scenarios; (A) introducing explicit Majoron masses, (B) using
the interaction with the SM Higgs doublet (C) using the resonant production from non-
thermal RH neutrinos. All of these scenarios are found to have the parameter space
compatible with the tiny Yukawa coupling and the DM relic abundance.
This paper is organized as follows. In Sec. 2, we discuss the Majoron model and its
phenomenological constraints from heavy Majoron DM decays. In Sec. 3, we show the
difficulty of creating the heavy Majoron in the reference model, and then consider three
ways to realize the TeV-scale Majorogenesis. In each case, we will evaluate the Majoron
relic abundance and show the parameter space realizing the TeV-scale Majorogenesis.
Sec. 4 is devoted to summarizing our results and discussing future work.
2 Majoron Dark Matter
2.1 The model
First of all, we consider the reference Majoron model for the following discussion.
We introduce a new SM-singlet complex scalar which has the Yukawa coupling to RH
neutrinos. The Lagrangian for the RH neutrinos νRi are written as
LN = iνRi/∂νRi − fij
2
ΦνcRiνRj − yναiLαH˜νRi + h.c., (1)
where the RH neutrinos and the new scalar Φ have the lepton number +1 and −2,
respectively. The neutrino Yukawa coupling yναi gives the Dirac mass mD = y
νv/
√
2
after the electroweak symmetry breaking, where v is the electroweak VEV v ' 246 GeV.
In addition, the new Yukawa coupling with Φ gives the Majorana mass MN = fvφ/
√
2.
Thus, the small masses for active neutrinos are generated by the type-I seesaw mechanism
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as (mν)αβ ≈ −(mD)αi(M−1N )ij(mTD)jβ. We use Geek indices α, β, . . . for the generation of
the SM leptons and Latin indices i, j, . . . for the generation of the RH neutrinos.
The scalar potential in the model is written as
V (H,Φ) = VH(H)− µ
2
Φ
2
|Φ|2 + λΦ
2
|Φ|4 − m
2
4
(
Φ2 + Φ∗2
)
, (2)
where VH is the Higgs potential in the SM and the coupling between Φ and H will be taken
into account in Sec. 3.3. The last quadratic term proportional to m2 is the soft-breaking
term to generate the pNGB mass. This term breaks the U(1)L symmetry of the scalar
potential into Z2, which corresponds to Φ→ −Φ.1 For the potential stability, the quartic
coupling satisfies λΦ > 0. The scalar field develops a VEV vφ, and is parametrized as
Φ =
vφ + φ+ iχ√
2
. (3)
The stationary conditions are solved as µ2Φ = λΦv
2
φ − m2, and the scalar masses in the
U(1)L breaking vacuum are given by
m2φ = λΦv
2
φ, m
2
χ = m
2. (4)
The CP-odd component χ is a pNGB called as the Majoron, whose mass is given by the
soft-breaking parameter m. In the following parts of this paper, we will see that this
Majoron can be a DM candidate.
In general, the Yukawa matrix fij in Eq. (1) can be diagonalized into fiδij by the
redefinition of the RH neutrinos and the diagonal couplings fi are taken to be real. The
Majorana fermion in this mass basis is denoted by Ni = νRi +ν
c
Ri, in which we denote the
redefined RH neutrino as νRi. The Lagrangian is rewritten using these Majorana fermions
as
LN = i
2
Ni/∂Ni − MNi
2
NiNi − fi
2
√
2
φNiNi − ifi
2
√
2
χNiγ5Ni
− Y ναiLαH˜PRNi + h.c., (5)
where Y ναi is the neutrino Yukawa matrix in the RH neutrino mass basis and PR/L is
the chirality projection. An important point is that the flavor changing off-diagonal
interaction between the Majoron and the RH neutrinos such as χN1N2 disappears in the
mass diagonal basis.
2.2 Decaying dark matter
In this subsection, we see features of the TeV-scale Majoron and the phenomenological
constraints as the DM candidate. The Majoron is assumed to be lighter than the lightest
RH neutrino to prevent it from decaying into the RH neutrinos. Otherwise, the Yukawa
3
Figure 1: The Feynman diagrams for the DM decay processes. (left): χ→ νανβ. (right):
χ→ tt. The internal lines in the loop represent the active and heavy neutrinos.
coupling f is required to be highly suppressed and/or the VEV vφ must be huge due to
astrophysical constraints.
The massive Majoron is unstable due to its interaction with RH neutrinos and the
neutrino Yukawa couplings. The main decay channels are expressed by the Feynman
diagrams of Fig. 1. The decay width to the neutrinos is given by
Γχ→νανβ =
mχ
16piv2φ
∣∣(mν)αβ∣∣2, (6)
where (mν)αβ is the neutrino mass matrix. To realize the long-lived DM, the VEV vφ has
a lower bound for a fixed value of the DM mass mχ. The constraints on the DM mass and
lifetime for this decay mode are discussed e.g., in Refs. [28,29]. For example, the VEV vφ
is found to satisfy vφ & 1015 GeV for TeV-scale DM. In the following parts, we assume
vφ ≈ 1015 GeV. In addition, the Majoron is so heavy that it can decay to (the top) quark
pair through the one-loop diagram shown Fig. 1. As the width is generally proportional
to the quark mass, the dominant radiative decay is given by χ → tt, if possible, and its
width is evaluated as
Γχ→tt =
3αWC
2
χZ
8 cos2 θW
mχm
2
t
m4Z
√
1− 4m
2
t
m2χ
, (7)
where mt and mZ are the masses of the top quark and the Z boson, respectively, and αW
is the fine structure constant of SU(2)L gauge coupling. The overall factor 3 comes from
the summation of color indices of the final states. The neutrino loop factor connecting χ
and Z is given by
CχZ =
∑
i,j
g
∣∣(mD)ij∣∣2
16pi2vφ cos θW
∫ 1
0
dx
∫ 1−x
0
dy
∫ 1−x−y
0
dz
F (2m2χ/M
2
Ni
)
F (m2χ/M
2
Ni
)2
, (8)
1The total Lagrangian with this soft-breaking term is invariant under the Z4 symmetry, which is the
residual discrete symmetry of the global U(1)L.
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where F (ω) ≡ (x+ y) + (y + z)(y + z − 1)ω. The main decay modes of the Majoron are
these χ → νανβ, χ → tt, and the model parameters are constrained by the cosmic-ray
observations such as anti-protons and gamma-rays. The decay widths of the Majoron
to other SM particles are much smaller, then the constraints are irrelevant.2 In general,
analyzing the constraints on the model parameters are very complicated due to many
degrees of freedom and indeterminacy [43], which is beyond the scope of this paper. In
this paper, we impose a conservative upper bound on the Yukawa coupling fi . 10−(10–11)
with reference to the past analysis, but the precise value of fi is irrelevant to the Majoron
creation.
From these results and analysis, we find the following three statements are inseparable
in the TeV-scale Majoron DM model:
1. Light RH neutrinos with TeV-PeV-scale masses
2. Heavy Majoron feebly interacting with RH neutrinos
3. Large VEV of Φ around the unification scale
3 Dark Matter Creation: Majorogenesis
In this section, we will show the difficulty to realize the DM relic abundance, and
discuss some improved scenarios for the Majorogenesis to take place.
3.1 Flaw and improvements of the model
As we have seen in the last section, the three conditions, 1. light RH neutrinos, 2.
heavy Majoron, 3. large vφ, are inseparable when we consider a TeV-scale Majoron DM.
In the model in Sec. 2, the Majoron couples to the SM particles only through the RH
neutrinos and the coupling is too small to realize the freeze-out mechanism. Even if
we introduce the mixing coupling such as λHΦ|H|2|Φ|2, it is hard for pNGB DM with
the large VEV to realize the relic abundance as by the freeze-out mechanism [36]. Then
another option to create the Majoron is the freeze-in mechanism discussed in Ref. [41]. The
magnitude of the coupling that is necessary for the freeze-in to work is typically O(10−11),
and thus the tiny Yukawa couplings in the model of Sec. 2, fij . O(10−(10–11)), seem useful
for the Majoron creation via the freeze-in. However, the Yukawa interaction between the
Majoron and the RH neutrinos is flavor diagonal in the RH neutrino mass basis, and
flavor changing off-diagonal interactions such as χN1N2 are absent in the Lagrangian (see
Eq. (5)). The other processes are too tiny to explain the relic abundance by the freeze-in
mechanism. The scattering amplitude of the annihilation NN → χχ via t-channel is
proportional to f 2. In addition, the decay N → χν is highly suppressed by the neutrino
mass on top of f . Therefore, it is impossible to realize the DM relic abundance by the
2 In the case of the Majoron being light, see a previous work [42] for the constraints from the Majoron
decay.
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freeze-in mechanism using the RH neutrino decay in that model. Here let us consider the
following three scenarios to avoid this flaw.
(A): The first is to modify the universality of mass/coupling ratios for the pNGB
Majoron. A simple way for this is to introduce Majorana masses for RH neutrinos, which
break the U(1)L symmetry similarly to the soft breaking term for Φ. Then flavor changing
couplings of the Majoron generally appear in the RH neutrino mass basis, and could lead
to the freeze-in production of Majoron.
(B): The second is adding the mixing coupling between the SM Higgs H and the SM
singlet scalar Φ such as λHΦ|H|2|Φ|2 to the scalar potential (2). The Majoron can interact
with the SM Higgs via this coupling on top of neutrinos, but the typical magnitude of the
interaction is also too small to realize the thermal relic because of the nature of NGB [35]
as we stated above. As an alternative option, we consider the freeze-in mechanism through
this portal coupling.
(C): The third option is using a non-thermal creation of the RH neutrinos during
the reheating after the cosmological inflation. The scattering process mediated by the
CP-even scalar particle arising from Φ is essential to explain the DM relic abundance.
In the rest part of this section, we discuss the above three scenarios (A)–(C) and
investigate the parameter space realizing the TeV-scale Majorogenesis for each case.
3.2 (A): Heavy RH neutrino decay
Let us consider the scenario (A), in which Majorana mass terms for the RH neutrinos
are introduced:
∆LMajorana = −1
2
mijνcRiνRj + h.c., (9)
which enables the flavor changing interactions in the mass-diagonal basis. In this subsec-
tion, we consider only two RH neutrinos (i = 1, 2), or equivalently, we assume that one of
the three is sufficiently heavy. Hereafter, we use g for the off-diagonal Yukawa interaction
giving χN1N2 vertex, which is assumed to have the constraint,
g . 10−10, (10)
as in the Majoron model.
The DM creation process is N2
g→ N1χ (MN2 > MN1 +mχ), which is shown in Fig. 2,
and the decay width is given by
ΓN2→N1χ =
g2MN2
32pi
I
(
MN1
MN2
,
mχ
MN2
)
, (11)
where the function I(x, y) is defined by I(x, y) ≡ [(1− x)2 − y2]3/2 [(1 + x)2 − y2]1/2. On
the other hand, the thermal creation process of the RH neutrinos are given by Ni ←→
LαH (L
c
αH
†), and the decay width is expressed as
ΓNi→B =
|Y ναi|2MNi
8pi
. (12)
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Figure 2: The Feynman diagram for Majorogenesis in the scenario (A).
The Boltzmann equations for the RH neutrinos and the Majoron are given by
dYN2(x)
dx
=− ΓN2→N1χ
Hx
K1(r2x)
K2(r2x)
YN2(x)
− ΓN2→B
Hx
K1(r2x)
K2(r2x)
[
YN2(x)− Y eqN2(r2x)
]
, (13)
dYN1(x)
dx
= +
ΓN2→N1χ
Hx
K1(r2x)
K2(r2x)
YN2(x)
− ΓN1→B
Hx
K1(r1x)
K2(r1x)
[
YN1(x)− Y eqN1(r1x)
]
, (14)
dYχ(x)
dx
= +
ΓN2→N1χ
Hx
K1(r2x)
K2(r2x)
YN2(x), (15)
where H denotes the Hubble parameter, Kn is the modified Bessel function of the second
kind. We introduce the dimensionless parameter x by x ≡ mχ/T for the temperature T
and the mass ratios by ri ≡MNi/mχ. The yield of a particle X is defined by YX ≡ nX/s
with nX and s being the number density of X and the entropy density, respectively.
The temperature dependence of the Hubble parameter and the entropy density is H =√
4pi3g∗/45T 2/mPl and s = 2pi2gS∗ T
3/45 with the Planck mass mPl. The function form of
YX in the thermal equilibrium is given by
Y eqX (z) = gX
(
45
4pi4gS∗
)
z2K2(z), (16)
with gX being the number of the degrees of freedom for the particle X. We assume that
the SM particles are always in the thermal bath and neglect the inverse decay N1χ→ N2
because the contribution from this process is small.
Using Eqs. (13)-(15), we obtain
Yχ(∞) =
∫ ∞
xI
dx
dYχ(x)
dx
=
ΓN2→N1χΓN2→B
ΓN2→N1χ + ΓN2→B
∫ ∞
xI
dx
1
Hx
K1(r2x)
K2(r2x)
Y eqN2(r2x), (17)
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Figure 3: The solutions of the Boltzmann equations with the masses MN1 = 5 TeV,
MN2 = 20 TeV, mχ = 1 TeV and the Yukawa coupling g = 10
−11. The black solid
lines indicate the yields in the thermal equilibrium, Y eqNi . The decay parameters Di =
ΓNi→B/H(T = MNi) are changed. In the left panel, the decay parameters are unity. In
the right panel, the decay parameters are hierarchical and tiny values.
where we have assumed YN2(xI) = YN2(∞) = 0. The integral Eq. (17) can be carried out
approximately and the Majoron relic abundance is evaluated as
Yχ(∞) ≈
(
ΓN2→N1χΓN2→B
ΓN2→N1χ + ΓN2→B
)
405
√
5
8pi9/2gS∗ g
1/2
∗
mPl
M2N2
(18)
≈ ΓN2→N1χ
405
√
5
8pi9/2gS∗ g
1/2
∗
mPl
M2N2
, (19)
where we have used ΓN2→N1χ  ΓN2→B and the explicit expressions of the Hubble param-
eter and the entropy density.
The time evolution of the yields are shown in Fig. 3. The masses for the particle
contents are fixed as MN1 = 5 TeV, MN2 = 20 TeV and mχ = 1 TeV, and the off-diagonal
Yukawa coupling is chosen as g = 10−11. The decay parameter Di is defined by the ratio
of the decay width of Ni → SM to the Hubble parameter H as Di = ΓNi→B/H(T = MNi)
and is related to the neutrino Yukawa couplings Y ναi (see Eq. (12)). In the left panel, the
two decay parameters are unity, and then the RH neutrinos go into the thermal bath and
the yields follow the thermal equilibrium distribution (black solid lines in the figure). In
the right panel, the two decay parameters are too small to put YNi into the thermal bath.
It is interesting that the final result Yχ(∞) converges to the same value independently of
the magnitudes of the neutrino Yukawa couplings Y ναi, which is clear from Eq. (19). This
is because, for small Y ναi, the thermally induced amount of the RH neutrinos around their
mass scale becomes small while the branching ratio decaying into the Majoron becomes
large and these two effects are canceled out. In the thermal historical point of view,
the independence of neutrino Yukawa couplings is understood by the fact that thermally
8
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Figure 4: The allowed region to realize the DM relic abundance in (mχ, g)- and
(MN1 ,MN2)-planes. See the text for details.
induced N2 is proportional to D2 and the time interval where the decay N2 → N1χ is
effective is inversely proportional to D2.
Then the relic abundance of the Majoron is given by
Ωχh
2 =
mχYχ(∞)s0
εc,0/h2
≈0.1075×
(
g
10−11
)2(
100
gS∗
)(
100
g∗
)1/2(
mχ
1 TeV
)(
20 TeV
MN2
)
I
(
MN1
MN2
,
mχ
MN2
)
, (20)
where s0 = 2891 cm
−3 is the today entropy density, and εc,0 = 5.16(h/0.7)2 GeV m−3
is the today critical energy density. The current observed value of DM abundance is
ΩDMh
2 = 0.1200(12) [4]. As we stated above, the relic abundance is independent of the
neutrino Yukawa couplings Y ναi.
In Fig. 4, we show the allowed parameter regions in (mχ, g) and (MN1 ,MN2) planes.
In the left panel, each line represents the parameter space realizing the DM relic abun-
dance for several choices of MN2 with MN1 fixed as 5 TeV. Note that the stronger
Yukawa coupling g is required for the smaller Majorana mass MN2 since the phase factor
I(MN1/MN2 ,mχ/MN2) becomes smaller. On the other hand, large g is also required for
larger MN2 because I ∼ 1 and the relic abundance is inversely proportional to MN2 . The
allowed region regarding MN2 as a free parameter is bounded from below by the critical
line corresponding to MN2 ∼ 20 TeV. Thus the lower bound for g is around g ∼ 10−11.
In the right panel, we show the allowed region with the DM mass mχ = 3 TeV and the
Yukawa coupling g ≤ 10−10.4, 10−10.7, 10−11. If we take a severer bound for the off-
diagonal Yukawa coupling g ≤ 10−11 (red region in the figure), the lightest RH neutrino
mass has to be in 3 TeV ≤ MN1 ≤ 7 TeV, and the mass MN2 has to be larger than 10
TeV.
Interestingly, the bound on g for this scenario to work is marginally comparable with
9
Figure 5: The Feynman diagrams for the Majorogenesis in the scenario (B). The contact
type interaction in the left panel is canceled by the low-energy contribution from the
scalar mediated interaction in the right panel.
the experimentally constrained upper bound Eq. (10). Therefore, the scenario (A) can be
proved or excluded in the near future observations.
3.3 (B): Scalar portal interaction
Let us move to another scenario, in which we introduce the mixing coupling λHΦ|H|2|Φ|2.
We consider the freeze-in creation of the Majoron in this model. The scalar potential is
written as
V (H,Φ) =VH(H)− µ
2
Φ
2
|Φ|2 + λΦ
2
|Φ|4 + λHΦ|H|2|Φ|2 − m
2
4
(
Φ2 + Φ∗2
)
, (21)
and the conditions for the quartic couplings such that the potential is bounded from below
are λH > 0, λΦ > 0,
√
λHλΦ + λHΦ > 0. In addition, the quartic coupling λΦ has the
upper bound 8pi/3 from the perturbative unitarity as discussed in Ref. [44]. The quartic
coupling λHΦ is also constrained by the bound of the mixing angle between the CP-even
components [45].
One important feature of the Majoron is a cancellation due to the nature of NGB in
two-body scattering processes such as Fig. 5. The contribution from the contact type
four-point interaction (left panel) is canceled by the one from the φ-mediated interaction
(right panel) in the soft limit, and the remaining value is suppressed by the large decay
constant. Indeed, the leading contribution after the cancellation comes from the portal
energy in the propagator, which is written as
iM(H†H → χχ)(s) = −i λHΦ
s−m2φ
s, (22)
where s is the Mandelstam’s s variable and m2φ = λΦv
2
φ is the mass of φ. This is consistent
with the result implied by the soft-pion theorem, and is easily understood in the non-linear
representation:
Φ =
vφ + φ√
2
eipi/vφ . (23)
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The phase field pi is the Majoron in this representation and is the same as χ to the leading
order of 1/vφ. We have the following interaction vertices in the Lagrangian:
Lint ⊃ φ
vφ
[
(∂µpi)
2 −m2χpi2
]
− λHΦvφφ|H|2, (24)
where the derivative coupling between the (p)NGB pi and the CP-even scalar particle φ
has come from the kinetic term of Φ. The scattering amplitude for HH → pipi evaluated
from this interaction Lagrangian Eq. (24) is the same as Eq. (22), which is now given by
a single diagram like the right-panel of Fig. 5 and the energy (s) dependence originates
from the derivative coupling.
The Boltzmann equation for the Majoron DM is given by
dYχ(x)
dx
=
2
sHx
γχχH†H , (25)
where γχχH†H is the interaction density defined as
γχχH†H ≡
4
2!2!
Tλ2HΦ
29pi5
∫ ∞
4m2χ
ds
√
s− 4m2χK1(
√
s/T )
s2
(s−m2φ)2
. (26)
The prefactor 4 comes from the degrees of freedom of the Higgs doublet in the symmetric
phase. We integrate the Boltzmann equation with the initial condition Yχ(xR) = 0, then
the Majoron abundance can be analytically evaluated as
Ωχh
2 ≈1.5× 1025 GeV
(
100
gS∗
)(
100
g∗
)1/2(
mχ
1 TeV
)
λ2HΦT
3
R
m4φ
, (27)
where TR is the reheating temperature satisfying xR ≡ mχ/TR. In Eq. (27), we have
assumed that mφ is larger than the reheating temperature. Due to the energy dependence
of the amplitude (22) and the heavy portal scalar, the relic abundance is dominated by the
contribution from the ultraviolet(UV)-region unlike the previous case (A) and depends
on the reheating temperature TR, which arises from the UV physics. A similar type of
freeze-in effect is discussed in the context of higher dimensional operators [41].
In Fig. 6, we show the allowed region in the (mφ, λHΦ) plane. Each solid line represents
the parameter space realizing the DM relic abundance and the region above each line for
TR being fixed is excluded by the over creation. The dashed line means the case mφ = TR,
and the region below this line is not valid because we assumed that the mass of φ is larger
than the reheating temperature such that φ is inactive in thermal evolution after the
reheating. The shaded region shows the parameter space in which the DM relic abundance
is realized regarding the reheating temperature as a free parameter. The region of mφ
is taken as 104 GeV ≤ mφ ≤ 1015 GeV. We note the VEV vφ is large for the TeV-scale
Majoron and the constraint from the mixing among the CP-even components is negligible
due to the suppression by vφ.
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Figure 6: The parameter space in the (mφ, λHΦ) plane explaining the DM relic by the
TeV scale Majoron. See the text for details.
We here give a comment on other previous work. The portal-like coupling of pNGB
has also been discussed in various contexts, e.g., Refs. [18,31]. The existence of the contact
type interaction by the quartic coupling λHΦ is usually assumed, but that is canceled by
heavy scalar mediated contribution, as stated above. Consequently, it seems that the
thermal freeze-out creation and collider search of the pNGB DM are inaccessible in case
of the large decay constant.
3.4 (C): Resonant creation from non-thermal source
Let us consider the third scenario that the Majoron DM is created by the RH neutrino
annihilation process mediated by the heavy CP-even scalar φ. We here assume that the
mass mφ is smaller than the reheating temperature TR so that φ plays an important role
in the thermal history of the universe. In this subsection, we consider the case of one
generation RH neutrino for simplicity, but the generalization to three generations RH
neutrino is straightforward.
We further assume that the RH neutrino has a Yukawa coupling to the inflaton field
ϕ with mass mϕ. This coupling generates the RH neutrinos non-thermally during the
reheating, and the yield at TR is evaluated as
YN =
3
2
TR
mϕ
Br(ϕ→ NN). (28)
Here Br(ϕ → NN) is the branching ratio of ϕ → NN process, which is given by
Γϕ→NN/Γϕ with Γϕ being the total decay width of the inflaton. The reheating tem-
perature TR is defined by H(T = TR) = Γϕ.
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Figure 7: The Feynman diagrams for the Majorogenesis in the scenario (C).
The RH neutrinos created by the inflaton can annihilate into the Majoron through the
scattering process mediated by φ: NN
φ←→ χχ as shown by Fig. 7. The Yukawa coupling
f corresponding to φNN should be small from astrophysical constraints, and the three
point coupling φχχ is also suppressed. As we will see in the following, even for these tiny
couplings, a sufficient amount of the Majoron DM can be generated with the resonant
contribution of φ. The partial decay widths of φ to RH neutrinos and Majoron
Γφ→NN =
f 2mφ
32pi
[
1− 4M
2
N
m2φ
]3/2
, Γφ→χχ =
λΦmφ
32pi
[
1− 4m
2
χ
m2φ
]1/2
. (29)
The contribution to the Boltzmann equations from the φ portal annihilation process,
NN
φ→ χχ, is evaluated as
γNNχχ =
λΦf
2T
211pi5
∫ ∞
4M2N
ds
(s− 4M2N)3/2(s− 4m2χ)1/2
s1/2(s−m2φ)2
K1(
√
s/T )
≈f
2m3φT
26pi3
[
1− 4M
2
N
m2φ
]3/2
K1(mφ/T ), (30)
where we use the narrow width approximation.
The Boltzmann equations for the Majorogenesis in this system are expressed as
dYN(x)
dx
=2
Γφ→NN
Hx
K1(rφx)
K2(rφx)
Y eqφ (rφx)
[
Yφ(x)
Y eqφ (rφx)
−
(
YN(x)
Y eqN (rx)
)2]
− 2
Hsx
γNNχχ
(
YN(x)
Y eqN (rx)
)2
− ΓN→B
Hx
K1(rx)
K2(rx)
[
YN(x)− Y eqN (rx)
]
, (31)
dYφ(x)
dx
=− Γφ→NN
Hx
K1(rφx)
K2(rφx)
Y eqφ (rφx)
[
Yφ(x)
Y eqφ (rφx)
−
(
YN(x)
Y eqN (rx)
)2]
− Γφ→χχ
Hx
K1(rφx)
K2(rφx)
Yφ(x), (32)
dYχ(x)
dx
=2
Γφ→χχ
Hx
K1(rφx)
K2(rφx)
Yφ(x) +
2
Hsx
γNNχχ
(
YN(x)
Y eqN (rx)
)2
, (33)
where we have assumed that the SM particles are in the thermal bath. rφ and r are
defined as rφ ≡ mφ/mχ and r ≡ MN/mχ, respectively. The relic density of the Majoron
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Figure 8: The solution of the Boltzmann equations with mφ = 10
6 GeV, mχ = 10
3 GeV
and the initial value of the RH neutrino yield YN(xR) = 10
−2. The RH neutrino mass is
fixed as MN = 10
4 GeV, but the DM abundance Yχ(∞) does not depend on it.
DM is found by solving these equations and evaluated approximately as
Yχ(∞) ≈ f
2mφ
16pi
(
1− 4M
2
N
m2φ
)3/2 ∫ ∞
xR
dx
2
Hx
K1(rφx)
K2(rφx)
Y eqφ (rφx)
(
YN(x)
Y eqN (rx)
)2
, (34)
where we have used the boundary conditions Yφ(xR) = Yχ(xR) = YN(∞) = Yφ(∞) = 0.
The final result is given by
Yχ(∞) ≈ pi
5/2gS∗
128
√
5g
1/2
∗
mPl
mφ
f 2YN(xR)
2. (35)
The relic abundance of the Majoron DM is evaluated as
Ωχh
2 ≈4.02× 1027
(
100
gS∗
)(
100
g∗
)1/2
mχ
mφ
f 2YN(xR)
2. (36)
This result depends on the Yukawa coupling f , the scalar mass mφ, and the initial amount
of RH neutrinos, but is independent of the RH neutrino mass.
The time evolution of the yields are shown in Fig. 8, in which the masses are fixed as
mφ = 10
6 GeV, mχ = 10
3 GeV and MN = 10
4 GeV. The yield YN initially created by the
inflaton decay is large and remains the constant for T & mφ, during which φ and Majoron
are generated through the decay and scattering processes. After the creation of Majoron
DM by this process, the relic abundance is frozen-in at the temperature just below mφ.
3
On the other hand, the heavy scalar φ similarly created by the N decay finally disappears
after the φ→ χχ process becomes effective in the thermal history.
3 The relic abundance of the Majoron could be slightly changed by thermalized RH neutrinos. However,
it is not large effect unless mφ is close to MN .
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Figure 9: The allowed region in (mχ,mφ) plane when the initial yield of the RH neutrino
is given. The initial yield is fixed as fYN(xR) ≥ 10−13, 10−12, 10−11, and the small φ
mass is favored.
In Fig. 9, we show the allowed region in (mχ,mφ) plane with the initial yield fYN(xR) ≥
10−11, 10−12, 10−13. A smaller φ mass is favored to realize the DM relic abundance. The
figure shows that a tiny value of the coupling f is compatible with the observations, while
that depends on the other parameters.
4 Summary and outlook
We have studied the scenarios where the Majoron, a pNGB of lepton number symmetry
with TeV-scale mass, can be the DM of the universe. Since the decay constant of the
Majoron is large and the coupling to the SM is tiny, it is nontrivial how to create the
Majoron in the early universe, called Majorogenesis. The Majoron model can realize
neither freeze-out nor freeze-in production of the Majoron DM with the large VEV because
the Majoron couplings to the SM particles are tiny and the Yukawa couplings to the RH
neutrinos are flavor-diagonal in the mass basis of the RH neutrinos. To avoid this flaw,
we have discussed three scenarios (A)–(C) for Majorogenesis via the freeze-in mechanism;
(A) introducing explicit Majorana masses, (B) using the interaction with the SM Higgs
doublet, (C) using the resonant production from the non-thermally induced RH neutrinos.
In (A), we find the lower bound on the Majoron Yukawa coupling for the freeze-
in Majorogenesis to work, and the bound is roughly comparable with the tiny value of
Yukawa coupling constrained from astrophysics. Therefore, this scenario could be proved
or excluded in the near future observations such as Cherenkov Telescope Array (CTA) [46]
and IceCube Neutrino Observatory [47].
In (B), the toal coupling between the Majoron and the SM Higgs is found to be
15
canceled and suppressed by the large mass scale, and is useful to create the Majoron via
the freeze-in mechanism. Note that this scenario is quite general because we have used
only the fact that χ is the pNGB having the large VEV and the mixing coupling to the
SM Higgs.
In (C), the sufficient amount of RH neutrinos are produced by the decay of the inflaton
during the reheating. After that, the φ-mediated NNχχ interaction, whose magnitude is
constrained by cosmic-ray observations, can be used to realize the freeze-in production.
In all the scenarios (A)–(C), there are the parameter regions realizing the DM relic
abundance and avoiding the astrophysical constraints. Therefore, the Majoron with the
TeV-scale mass (or heavier) can play the role of DM in the universe.
For further study, it may be intersting to examine the leptogenesis [48] in these sce-
narios. A straightforward way is using resonances between the RH neutrinos [49]. A
more challenging is introducing other particles whose masses are at an intermediate scale
between v and vφ. One can use radiative decay processes of RH neutrinos where the new
particles appear in the loop to generate lepton asymmetry. This motivates us to consider
an extension in which one more SM-singlet U(1)L-charged scalar is added. Whether such
type of leptogenesis can be compatible with the TeV-scale Majorogeneis is left for future
work [50].
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